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1 Executive Summary

On Dec. 1, 2001, Associate Laboratory Director Tom Kirk appointed a BNL based neu-
trino physics study group. Its charge was to examine future forefront neutrino oscillation
experiments that could be carried out using traditional v,(7,) beams of exceptional intensity
(super beams) from an upgraded AGS. The study, as reported in this document, addressed
detector distances, sizes and technologies as well as novel ideas for cost effective beam lines
and AGS upgrade paths. Most important, it focused on the physics discovery and study

potential in its assessment of various options.

Given the success of solar and atmospheric neutrino studies in discovering neutrino os-
cillations and measuring some mixing and mass parameters, it became clear that the next
generation accelerator based neutrino oscillation program must be very ambitious. In ad-
dition to improving measurements of already approximately known Am?j = m? — m? and
the large mixing angles o3 and 615, the next major effort should be capable of determining
the as yet unknown mixing angle 63, the mass hierarchy of neutrinos and the phase dcp.
Together these will provide a measure of CP violation in the lepton sector via the Jarlskog

invariant

1
JCP = g sin 2912 sin 2923 sin 2913 COS 913 sin §

Indeed, CP violation is properly viewed as the Holy Grail of neutrino oscillations, since it

may be closely connected with the matter-antimatter asymmetry of the universe.

In order to cover a significant region of the allowed 3 parameter space (sin® 26,5 < 0.2,
0 < 6 < 2m), to allow for the determination of the mass ordering to the three neutrinos
and the possible observation of CP violation a very large detector of approximately 500
kton, a long baseline (>2000 km) and an intense proton source of 1 megawatt are necessary.
For that reason, our studies concentrated primarily on a water Cherenkov detector where
the required technology is mature and capable of achieving the required large tonnage. The
technical performance of the water detectors has also been fully demonstrated in the relevant
event energy ranges. Similarly, a relatively simple cost effective AGS upgrade that primarily
increases the repetition rate was examined. Such a large water Cherenkov detector could also
be used to search for proton decay, supernova neutrinos, nn oscillations, etc. It could also
be used to significantly improve measurements of atmospheric neutrino oscillations. Indeed,
an extremely attractive picture that emerged from our studies was a very large multi-physics

water Cherenkov detector with outstanding discovery potential in many frontier areas of



physics as well as a robust guaranteed program of detailed studies and precise measurements.

In this report, we describe our vision of the very long baseline neutrino oscillation exper-
imental component of that program. It assumes that a 500 kton or larger water Cherenkov
detector will be built somewhere in the USA perhaps as a major component of a National Un-
derground Lab and its distance from BNL will be considerable, e.g.. BNL-Homestake (2540
km) or BNL-WIPP (2900 km). To have a sufficient number of detected neutrino events at
that distance, a 1 MW AGS proton source (currently the AGS has 0.14 MW of power) is
envisioned with targetry focusing and a decay tunnel capable of providing an intense wide
band neutrino beam (at 0 degree production) with good support in the 0.5 < E, < 7 GeV

energy range.

The experimental specifications described above were originally chosen with the idea of
measuring the CP violating parameter 0 via v, — v, oscillations. However, during the course
of our studies, it became clear that such an effort has a much richer and more diverse physics
program. Indeed, in the scenario we have studied in detail (BNL-Homestake), two measure-
ments, v, disappearance oscillations detected via muon events and v, — v. appearance

oscillations via electron events together provide a wealth of information.

During the initial research program, a run of 5 x 107 sec (probably distributed over 5
years), the v, disappearance study will resolve several oscillation maxima and minima (thus
firmly establishing oscillations) and measure Am2, to 1% or better and sin® 2643 to 1% or
better, significant improvements over existing or planned measurements. In the v, — v,
appearance mode, the v, +n — e~ + p quasi-elastic events over the 0.5 GeV range will allow

the following investigations to be completed:

1. Search for and measurement of sin? 65 to below 0.005 via matter enhanced oscillations.

2. Determine the sign of AmZ,, i.e. whether my is the largest or smallest of the 3 neutrino

masses, also via matter enhancement or suppression effects in the 3-7 GeV region.
3. Measure sind (and cosd) to about £25% thus determining J., and the § quadrant.

4. Measure Am3; and 6,5 from the v, — v, oscillations of low energy 0.5 — 1.0 GeV
neutrinos with about the same sensitivity as Kamland, but in an appearance rather

than disappearance mode.

The above program is extremely rich, covering essentially all the parameters of 3 gener-
ation neutrino mixing as currently envisioned. It is also robust, offering important measure-

ments even if some parameters whose values we have assumed in our calculations change



significantly. Together with the search for proton decay and study of cosmic neutrinos, our
accelerator based long baseline neutrino oscillation program represents a major step forward
in the advancement of science. Beyond the first research period, one could envision further
accelerator and beam upgrades, antineutrino runs, or additional beams from other acceler-
ator facilities. Indeed, the large detector that forms the centerpiece of this effort should be
expected to function for half a century or more expanding our knowledge of all the above

noted research areas.

This report will show that the bold program envisioned above is technically feasible and
economically attractive. We show that the existence of the AGS machine at BNL with its
straightforward and economical upgrade to the needed 1 MW power level, taken together with
the needed very long baseline available for at least two appropriate detector sites, makes this
approach to a practical facility the best one for the next-generation U.S. neutrino physics
program. The identified physics goals are compelling and not covered by less ambitious
alternatives. Nevertheless, its realization will require strong commitment and vision. The

high payoff is worth the effort.






2 Introduction

Brookhaven National Laboratory and collaborators started a neutrino working group to
identify new opportunities in the field of neutrino oscillations and explore how our laboratory
facilities can be used to explore this field of research. The memo to the working group and

the charge are included in Appendix I.

This report is the result of the deliberations of the working group. Previously, we wrote
a letter of intent to build a new high intensity neutrino beam at BNL [1]. A new intense
proton beam will be used to produce a conventional horn focussed neutrino beam directed
at a detector located in either the Homestake mine in Lead, South Dakota at 2540 km or the
Waste Isolation Pilot Plant (WIPP) in Carlsbad, NM at 2880 km [2, 3]. As a continuation
of the study that produced the letter of intent, this report examines several items in more
detail. We mainly concentrate on the use of water Cherenkov detectors because of their
size, resolution, and background rejection capability, and cost. We examine the prospects of

building such a detector in the Homestake mine.

The accelerator upgrade will be carried out in phases. We expect the first phase to
yield a 0.4 MW proton beam and the second phase to result in a 1.0 MW beam. The
details of this upgrade will be reported in a companion report. In this report we assume
accelerator intensity of 1 MW for calculating event rates and spectra. We also assume a

total experimental duration of 5 years with running time of 107 seconds per year.

We examine the target station and the horn produced neutrino beam with focus on two
topics: target and horn design for a 1 MW beam and the broad band spectrum of neutrinos

from a 28 GeV proton beam.

3 Neutrino Oscillations

The strongest evidence for neutrino oscillations comes from astrophysical observations of
atmospheric neutrinos with Am2, = (1.6 — 4.0) x 107 eV? and maximal mixing [4], and
from solar neutrinos with Am32, = (3 — 10) x 107° eV? assuming the LMA solution [5]. The
observation by the LSND experiment [6] will soon be re-tested at Fermilab by the mini-
Boone [7] experiment. Therefore we will not discuss it further in this document. There are
several accelerator based experiments (K2K, MINOS, and CNGS) [8, 9, 10, 11, 12] currently

in the construction phase or taking data to confirm the atmospheric neutrino signatures for



oscillations. There is now a consensus that there are four main goals in the field of neutrino

oscillations that should be addressed soon with accelerator neutrino beams:

1. Precise determination of Am2, and sin? 26,3 and definitive observation of oscillatory

behavior.

2. Detection of v, — v, in the appearance mode. If the measured Am? for this measure-
ment is near Am2, then this appearance signal will show that |Us|* (= sin®fy3) from

the neutrino mixing matrix in the standard parameterization is non-zero.

3. Detection of the matter enhancement effect in v, — v, in the appearance mode. This

effect will also allow us to measure the sign of Am2,, i.e. which neutrino is heavier.

4. Detection of CP violation in neutrino physics. The neutrino CP-violation in Standard
Model neutrino physics comes from the phase multiplying sin 63 in the mixing matrix.

This phase causes an asymmetry in the oscillation rates v, — v, versus v, — ..

In this report we describe how all of these goals can be achieved under reasonable as-
sumptions for the various parameters using the new intense AGS based beam and the very
long baseline of BNL to Homestake laboratory of 2540 km.

In Section 3 we estimate the event rates, backgrounds and oscillation signals. This section
highlights the physics measurements achievable with the detector being proposed, focusing

on its sensitivity to various oscillation parameters.

In Section 4 of this report we briefly describe the accelerator upgrade path to achieve a

proton source with intensity greater than 1 MW.

In Section 5 we examine the conventional neutrino beam spectrum and the target-horn

station.

In Sections 6 we summarize the report and give a breakdown of the expected costs.

4 Very Long Baseline Experiment

We calculate the event rate without oscillations assuming a 1.0 MW proton beam power
with 28 GeV protons (1.1 x 10 protons per pulse), a 0.5 MT fiducial mass water Cherenkov
detector and 5 years of running. Because BNL’s Alternating Gradient Synchrotron (AGS)

6



BNL Wide Band. Proton Energy = 28 GeV

5 E Distance = 1 km
— f
© i
= -5
O 10 |
a i
S I
>
6
Q1™ |
-
c
-7 . W
10 bt My
e
8 |
10 | i
: | | ‘ | | ‘ | |
0 2 4

Figure 1: BNL wide band spectrum with the new graphite target and horn design. This
spectrum is at 0 degrees with respect to the proton beam on target and the normalization
is at 1 km from the target.



Table 1: Number of events of different types for the very long baseline experiment. The
parameters are 1 MW of beam, 0.5 MT of fiducial mass, and 5 years of running with 107
seconds of live time each year. CC, NC, QE, stands for charged current, neutral current, and
quasielastic, respectively. The v, interaction rate is from the electron neutrino contamination

in the beam.

Reaction Number
CCy,+N —pu +X 51800
NCv,+N—vy,+X 16908
CCr,+ N —e +X 380
QEv,+n—pu +p 11767
QEve+n—e +p 84
CCv,+N—pu +7"+N 14574
NCv,+N — v, +N +x° 3178
NC v, + 0% - v, + 0% 4+ 7° 574
CCvrvy,+N—-7+X 319
(if all v, — v;)

can run in a parasitic mode to the Relativistic Heavy Ion Collider (RHIC), we expect to get
beam for as much as 1.8 x 107 sec per year. However, we conservatively assume only 1.0 x 107
sec of AGS running per year here. Using these parameters, the 0° flux from Figure 1 and
the relevant cross sections, we calculate that the number of quasi-elastic charged current
muon neutrino events in a detector located at 2540 km will be ~ 12000 in five years running.
Table 1 shows the number of different kinds of events we expect in the absence of oscillations.
The large statistics combined with the long baseline make many of the following important

measurements possible.



4.1 v, disappearance

The angular distribution of the muons from the quasi-elastic process v, +n — p~ +p
produced by the 0° beam in Figure 42 was measured in experiment E734 (1986) at BNL. It
is shown again in Figure 2 along with the principal background, v, + N — p~ + N + = [13].
A variety of strategies is possible to reduce this background further in a water Cherenkov
detector. Knowing the direction of an incident v, accurately and measuring the angle and
energy of the observed muon allows the energy of the v, to be calculated, up to Fermi
momentum effects. This method is used by the currently running K2K experiment [8]. The
known capability of large water Cherenkov detectors indicates that at energies lower than
1 GeV the v, energy resolution will be dominated by Fermi motion and nuclear effects[14].
The contribution to the resolution from water Cherenkov track reconstruction depends on
the photo-multiplier tube coverage. With coverage greater than ~ 10%, we expect that
the reconstruction resolution should be more than adequate for our purposes [21]. In the
following discussion we assume a 10% resolution on the v, energy. This is consistent with
the resolution projected for 10% coverage from the K2K experience [15].

E,|GeV]

Llkm]

Figure 1 extends to the low value of about 5x 10~* eVZ2. The lower end of this extensive range

The range of Am32, ~ 1.24 covered by the proposed experiment using the beam in

of values is considerably below the corresponding values for other long baseline terrestrial
experiments [11, 12]. If the value of Am32, turns out to be towards the lower end (~ 1073) of
its current range, or if the value of Am2, turns out to be towards its high end (~ 10~* eV?),
then large and very interesting interference effects in the very long baseline experiment will

be possible.

Extra-long neutrino flight paths open the possibility of observing multiple nodes (min-
imum intensity points) of the neutrino oscillation probability in the disappearance exper-
iment. Observation of one such pattern will for the first time directly demonstrate the
oscillatory nature of the flavor changing phenomenon. The nodes occur at distances L, =
1.242n—1)E,/Am3,, n =1,2,3, .... In Figure 3, as an example, we show the flight path L
versus B, relationship of the nodes for Am? = 0.003 eV2, a value close to the value measured
in atmospheric neutrino experiments [4]. An advantage of having a very long baseline is that
the multiple node pattern is detectable over a broad range of Am?. For Am2, as small as

0.001 eV?, the oscillation effects will be very large.

The two single charged pion reactions v, +p — u~ +p+7n-and v, +n — p~ +n+a"

produce a signal which is somewhat larger than the quasi-elastic total in Table 1. For these
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Figure 2: Angular distribution of muons from the process v,n — p~p (top curve) and back-

ground from v, N — p~ N'm (bottom curve). The histogram is data from AGS experiment
E734 (year 1986) and the lines are Monte Carlo.
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Oscillation Nodes for Am? = 0.0025 eV?
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Figure 3: Nodes of neutrino oscillations for disappearance (Not affected by matter effects) as
a function of oscillation length and energy for Am2, = 0.0025 eV2. The distances from FNAL
to Soudan (the distance from BNL to Morton salt works is approximately the same[36]) and

from BNL to Homestake are shown by the vertical lines.
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Figure 4: Spectrum of detected events in a 0.5 MT detector at 2540 km from BNL including

quasielastic signal and CC-single pion background. We have assumed 1.0 MW of beam power

and 5 years of running. The top histogram is without oscillations; the middle error bars are

with oscillations and the bottom histogram is the contribution of the background to the

oscillated signal only. This plot is for Am3, = 0.0025 eV?. The error bars correspond to the

statistical error expected in the bin. A 10 % detector energy resolution is assumed. At low

energies the Fermi movement, which is included in simulation, will dominate the resolution.
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Figure 5: Spectrum of detected events in a 0.5 MT detector at 2540 km from BNL including

quasielastic signal and CC-single pion background. We have assumed 1.0 MW of beam power

and 5 years of running. The top histogram is without oscillations; the middle error bars are

with oscillations and the bottom histogram is the contribution of the background to the

oscillated signal only. This plot is for Am2, = 0.001 eV2. The error bars correspond to the

statistical error expected in the bin. A 10 % detector energy resolution is assumed. At low

energies the Fermi movement, which is included in simulation, will dominate the resolution.
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events, if both the muon and the pion produce more than 50 photoelectrons each, the event
can be easily identified as a two ring event in a water Cherenkov detector and rejected.
50 photoelectrons corresponds to about 170 MeV/c (250 MeV/c) for muons (pions) for a
detector with 10% photo-multiplier coverage. An additional cut to require the muon to
be within 60° of the neutrino direction reduces the background further. With such a cut,
we find that 18% of the events will show one ring (principally the p~). The detection of
two muon decays, one from the p~ the other from the decay chain 7 — u — e, could be
used to further suppress this background by approximately a factor of 2. More importantly,
background events can be tagged by the two muon decays to determine the shape of the
background from the data itself. This will greatly increase the confidence in the systematic
error due to this background. The reaction v, +n — u~ + p + 7° (the only allowed CC-7°
reaction) is ~15% of the total quasi-elastic rate. The momentum distribution of g~ and 7°
are essentially the same as those for CC-charged pion production. Only 0.5% of the CC-7°
events will look like quasi-elastic muon events because at least one of the gamma rays from

the 7 decay is usually visible. Thus this background is negligible in the quasi-elastic sample.

The expected plot of signal and background is shown in Figures 4 and 5. They show the
disappearance of muon type neutrinos as a function of neutrino energy measured in quasi-
elastic events. The background, which will be mainly charged current, will also oscillate, but
the reconstructed neutrino energy will be systematically lower for the background. Never-
theless, the main effect will be to slightly broaden the large dips due to disappearing muon

neutrinos.

In Figure 6 we show the statistical precision expected on the measurement of Am3, and
sin? 26,3 for several different points in the parameter space. It is clear that since the signal
and the statistics are large, the systematic error in fitting the spectrum will dominate the
final error. We list various effect that must be considered for the measurement with brief

comments about each.

e The determination of Am? has a statistical uncertainty of approximately £0.7% at
Am? = 0.0025 eV? with maximum mixing. It is about £1.0% when sin® 2653 = 0.75.
Clearly, the knowledge of the energy scale will be very important in measuring this
number. If the energy scale uncertainty is § £/ E then the final error will be given by

o(Am?) Ostat vo  O0E 5
(P = (R + ()
Therefore, it will be very important to understand the energy calibration of the de-

tector to about 1 % for muon energy of ~ 1 GeV. One solution could be a magnetic

14



spectrometer to measure the momentum of cosmic ray muons entering the detector.
This consideration could affect the depth at which this detector should be mounted.
Another option could be a linear accelerator that could provide protons or electrons
at a rate of few Hz at ~ 100 MeV.

Even if the overall energy scale is known well, the energy calibration could vary non-
linearly over the entire spectrum. The worst effects of these fluctuations will be where
the spectrum has the maximum slope. This effect will cause additional smearing of
the spectrum and reduce the resolution on Am?. We assume a 5% uncertainty of the

energy calibration over the entire range.

It should be pointed out that the oscillation minima should be at energies that are in
precisely known ratios of integers: 3, 5, 3/5, etc. This could be used to determine the
relative energy scale precisely. On the other hand these ratios could be important to
determine the presence of new physics (non-sinusoidal depletion of muon neutrinos) in

the oscillations.

The model of Fermi motion and reconstruction resolution will affect both the shape
of the signal and the background used in the fit. The consequences of this effect are

probably the same as the previous one in terms of the resolution of fitted parameters.

It was pointed out earlier that some of the the CC-r* background could be tagged
by two muon decays. This sample of events can be used in separate fits to put more
constraints on the detector simulations. The large number of charged current events

(~ 52000) that are not quasielastic could also be used in the same manner.

The statistical uncertainty in the determination of sin? 26,3 is +0.016 at sin? 2653 = 0.75
and AmZ, = 0.0025 eV?. This determination is somewhat better at smaller Am?. At
maximum mixing, Figure 6 shows that we can determine sin®260y3 > 0.99 at 90%

confidence level.

We expect this error to be even smaller if proper background subtraction is performed
on the data. Normally the determination of this quantity depends on the systematic
error for the normalization of the flux. However, in the case of very long baseline,
the largest part of the sensitivity comes from the shape of the spectrum or how deep
the valleys are compared to the peaks (see Figure 4). Therefore, this determination
is not affected greatly by the systematic error for the overall normalization. This is
demonstrated as follows: for Am2, = 0.003 eV?, even without background subtraction,

the valleys at 7/2 and 37/2 have only 2% and 30% of the un-oscillated event rate (see

15



Figure 4). If we assume the flux normalization error to be 5%, which is consistent with
what has been achieved by the K2K experiment[15], then the expected error due to

flux normalization on sin? 26,3 is 0.02 x 0.05 = 0.001.

e We note that within the parameter region of interest there should be very little corre-

lation in the determination of Am2, and sin® 203,.

With the assumption on the systematic errors as above we obtain Figure 7. The system-
atic errors introduce a small correlation in the Am2, vs. sin® 203, measurement. The error
on the determination of Am2, at 0.0025 eV? increases to about +1.2% at maximum mix-
ing, but there is only a small effect on the determination of sin? 26y3. As mentioned before,
the energy scale uncertainty must be added in quadrature to the calculated uncertainty on
Amj3,. The precision of this experiment can be compared with the precision expected from
MINOS (Figure 7) and the precision obtained so far from the K2K experiment (Figure 8).
It is expected that K2K will obtain twice as much data; therefore we could naively estimate

that the precision on the parameter determination will improve as 1/ V2.

Finally, we note that the flux normalization is usually obtained by placing a detector
close to the neutrino source. For example, both K2K and MINOS have large near detectors
to determine the flux. Since absolute flux determination is not very important for parameter
determination in our case, we argue that the requirements on a near detector need not be
very severe for this measurement. It may not be necessary to build a near detector until
sufficient statistics are obtained in the far detector to demand the required systematic error

reduction of a near detector.

16
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Figure 6: Statistical resolution at 68%, 90% and 99% confidence level on Am?2, and sin® 263
for the 2540 baseline experiment; assuming 1 MW, 0.5 MT, and 5 years of exposure.
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Figure 7: Resolution including statistical and systematic effects at 68%, 90% and 99% con-
fidence level on Am2, and sin? 26,3 for the 2540 baseline experiment; assuming 1 MW, 0.5
MT, and 5 years of exposure. We have included a 5% bin-to-bin systematic uncertainty in
the energy calibration as well as a 5% systematic uncertainty in the normalization. The
expected resolution from the MINOS experiment at Fermilab and the allowed region from
SuperK is also indicated.
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Figure 8: The allowed region for Am2, and sin® 2653 from the K2K experiment. From thesis
by Eric Sharkey, SUNY at Stony Brook.
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4.2 v, — U, appearance

The oscillation of v, — v, is discussed is several recent papers [16, 17, 18, 19]. This oscillation

in vacuum is described fully by the following equation:

Py, —v.) = 4(535535C35 + Jop sin Ag; ) sin %
+2(512823513C12C03C 5 COS § — 875853575C13) Sin Agp sin Ay (1)
F4(82 2y ChaCly + 810 554505C0s — 2855593513C12C23C 5 €08 0 — Jop sin Agy ) sin? %
2 2 2 0 Azp . A21
+8(812823813012023013 cosd — 812823813013) SlIl 7 Sin 2
where
Jop = 3123235130120230%3 sin 9 (2>

Jop is an invariant that quantifies CP violation in the neutrino sector. The abbreviations
i = sin6;;, ¢;j = cosby;, and Ay = Am? L/2E are used. The formula for P(v, — 7.) is
the same as above except that the Jop terms have opposite sign. The vacuum oscillations for
a baseline of 2540 km are illustrated in Figure 9 as a function of energy for both muon and
anti-muon neutrinos. The main feature of the oscillation is due to the term linear in sin? %.
The oscillation probability rises for lower energies due to the terms linear in sin? AQI The
interference terms involve CP violation and they create an asymmetry between neutrinos
and anti-neutrinos. The vacuum oscillation formula (Eq.1) and Figure 9 show that the
CP asymmetry also grows as 1/FE in the 0.5-3.0 GeV region. The parameters listed in the
figure are sin® 2615 = 0.8, sin®20y3 = 1.0, and sin® 263 = 0.04 and Am2, = 5.0 x 107° eV2,
Am3, = 0.0026 eV2. Similar notation for parameters will be followed in the rest of the
document. Because of this effect it is argued that the figure of merit for measuring CP
violation is independent of the baseline. For very long baselines the statistics for a given size
detector at a given energy are poorer by one over the square of the distance, but the CP
asymmetry grows linearly in distance [17]. The background to the electron neutrino signal
comes from contamination in the beam (v./v, ~ 0.7%) and neutral current events. At small
distances the systematic error on this background could limit the ability to extract the CP
violating effect, but at large distance the background reduces as 1/(distance)? and allows us
to greater sensitivity to CP violating effects. We rely on this important observation in the

rest of this section.

The vacuum oscillation formulation must be modified to include the effect of matter [18].

The v, — v, probability in the presence of matter is shown in Figures 10 and 11. When
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Figure 9: Probability of v, — v, and v, — 7, oscillations at 2540 km in vacuum assuming
a 0cp = +45° CP violation phase. It can be seen that the CP asymmetry between v,
and v, increases for lower energies because the CP asymmetry is proportional to Am3,L/FE
which increases for lower energies. The parameters listed in the figure are sin®260;, = 0.8,
sin? 20,3 = 1.0, and sin® 26,3 = 0.04 and Am32, = 5.0 x 107° eV2, Am2, = 0.0026 V2.
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Figure 10: Probability of v, oscillating into v, after 2540 km. The parameters assumed are

listed in the figures. The upper and lower curves correspond to CP phase angle of +45° and

0° respectively. We point out that the effect of CP phase increases for lower energies.

22



P(v,-V,) with 45° CP phase

0.1
0.09 sin“26; = 0.8/1.0/0.04
Am;2 = 5.0e-5/2.6e-3 eV”
0.08 with matter effects
0.07
— V —>Ve

O
o
o

<
l
<

Probability
o
&

o
(@)
K

o
o
w

0.02

0.01

e,
*a
-

' Y
Ll ‘ Ll ‘ Ll L ‘ ‘f-?'\ L ‘ L

O 05 1 15 2 25 3 35 4 45 5
E, (GeV)

0

Figure 11: Probability of v, oscillating into v, after 2540 km. The parameters assumed
are listed in the figures. This plot assumes a CP violation phase of +45°. The upper and
lower curves are for neutrinos and anti-neutrinos, respectively. We see that for distance of
2540 the matter effects will be large and will lead to almost complete reversal of nodes and
anti-nodes for neutrinos and anti-neutrinos. The probability for neutrinos with Am2, < 0

will be similar to (but not exactly the same as) anti-neutrinos.
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compared to Figure 9 we can see that matter will enhance (suppress) neutrino (anti-neutrino)
conversion at high energies and will also lower (increase) the energy at which the oscillation
maximum occurs. The effect is opposite (enhancement for anti-neutrinos and suppression for
neutrinos) if the sign of Am2, is negative. The Figures 9 to 11 gives us hints about possible

strategies in understanding neutrino oscillation parameters.

In the low energy region from 0 to 1.0 GeV, the probability for v, — v, is dominated
by the effects of Am3, if the solution to the solar neutrino deficit is the large mixing angle
(LMA) solution. An excess of electron like events in this region would be sensitive to Am3,

and Sin2 2912 .

In the intermediate energy region from 1.0 to 3.0 GeV, we see that the CP violating phase
dcp has a large effect on the oscillation probability and the effects of matter are relatively
small. Therefore this energy region could be used to measure the CP violating phase d¢cp

from the observed spectrum of electron like events.

The higher energy region with energy greater than 3.0 GeV is clearly the region of
discovery for v, — v, oscillations as well as the sign of Am3,. In the case of the normal mass
hierarchy (mgs > mgy > my) the oscillation signal in the high energy region for neutrinos will
be enhanced by more than a factor of 2. Moreover, as we will discuss below, the backgrounds
from both neutral currents and intrinsic v, will fall in this region. Therefore the appearance
signal will have a distinctive shape to distinguish it from the background. In the case of
(mg > my > mg3) the oscillation signal in the high energy region will be almost completely
suppressed. However, there will be a peak between 2 and 3 GeV. If sin® 26,3 is sufficiently

large, this will be a clear signature for Am2, < 0, a very important result in particle physics.

Finally, matter enhancement of the oscillations has been postulated for a long time with-
out experimental confirmation [20]. Detection of such an effect by measuring a large asymme-
try between neutrino and anti-neutrino oscillations or by measuring the spectrum of electron

neutrinos is a major goal for neutrino physics. This measurement will also yield the sign of

2
Ams,.

4.3 Backgrounds

While the v, disappearance result will be affected by systematic errors, the v, — v. ap-
pearance result will be affected mainly by the backgrounds. The signal we are looking for
consists of clean, single ring electron events in the detector. The signal will mainly result

from the quasielastic reaction v, +n — e~ + p. The main backgrounds will be from neutral
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current reactions and the intrinsic electron neutrinos in the beam. Most of the ~ 17000
neutral current reactions from Table 1 are either elastic scattering off nucleons or single
pion production channels. Of these, the channels that produce single 7% will be the major
source of backgrounds. We estimate that approximately 2800 NC events will have multi-
ple pions in the final state. Half of these will have at least one 7°. We expect that these
can be rejected much more effectively than the single 7° production channels which will
have ~ 3700 events (see Table 1). This number includes the coherent production channel of
v, + 0% — v, + O + 7% The charged current background channel, v, +n — p~ +p + 7°,
in which the muon remains invisible was shown to be small for a similar beam spectrum in
the E889 proposal [21].

For a baseline of 2540 km, the matter enhanced oscillation signal will be above 3 GeV. Our
strategy for obtaining a unique, clear signal therefore depends on the observation that neutral
current background will peak at low energies and fall rapidly as a function of observed energy.
This is demonstrated in Figures 12 and 13 for the neutral current single pion production
channel. In Figure 12 we see that the ¢? distribution peaks at low values and is nearly
independent of the neutrino energy. The neutrino energy only determines the kinematic

limit of the ¢? value. This behavior leads most neutral current events to be at low energies.

Figure 13 shows the distribution of total 7 energy for single pion production events with
no detector cuts. We see that the distribution is about 3 orders of magnitude suppressed
above 2.5 GeV where we expect the signal from v, — v, appearance (see Figure 10). There-
fore, we propose that even a modest rejection of neutral current background above 2.5 GeV

is sufficient to provide us with good sensitivity for v, — v, appearance.

This modest rejection can be obtained by first cutting all events with visible energy
less than 500 MeV. Further rejection is obtained by getting rid of events with two showers
each with energy greater than 150 MeV separated by more than 9 degrees in angle and by
cutting events with angle between the shower and the neutrino direction of greater than 60
degrees; this was calculated using a fast Monte Carlo with appropriate angle and energy
resolution corresponding to a water Cherenkov detector. At high energies, above 3 GeV, a
full simulation of a large water Cherenkov detector showed us that it is possible to obtain
about a 50% rejection based on the Cherenkov ring characteristics. The overall rate of 7°

misidentification is shown in Figure 14.

It should be noted that 